Summary Ethylene evolution, concentrations of 1-aminocyclopropane-1-carboxylic acid (ACC) and ACC conjugates, activities of ACC synthase and ACC oxidase, and cambial growth as measured by tracheid production were monitored from November to July in 1-year-old shoots, and between July and September in current-year shoots, of Scots pine (Pinus sylvestris L.). Needles, buds and four stem parts (cortex, phloem, cambial region and mature xylem) were surveyed. Ethylene evolution was quantified by gas chromatography. Free ACC and bound ACC (after acidic hydrolysis of ACC conjugates) were quantified by combined gas chromatography-mass spectrometry, with [ 2 H]ACC as an internal standard. Activities of ACC synthase and ACC oxidase were measured in crude protein extracts.
Introduction
Seasonal variation in evolution of endogenous ethylene from shoots or stems has been observed in many conifer species (Eklund 1990 , Ingemarsson et al. 1991 , Eklund et al. 1992 , Eklund and Little 1995 , Eklund and Tiltu 1999 . Ethylene evolution is greater during active cambial growth than during cambial dormancy, the highest rate occurring at the time of maximal cambial growth.
It is also well established that exogenous ethylene, applied in the form of 2-chloroethylphosphonic acid (Ethrel), stimulates cambial growth in conifer stems as measured by tracheid production (Barker 1979 , Telewski and Jaffe 1986 , Yamamato and Kozlowski 1987 , Eklund and Little 1995 , Eklund and Tiltu 1999 , Kalev and Aloni 1999 . Treatment with ethylene promoted wood formation in pine species (Neel and Harris 1971) and Picea abies (L.) Karst. (Eklund and Tiltu 1999) . Ethrel treatment of Abies balsamea (L.) Mill. shoots increased the cambial region concentration of indole-3-acetic acid (IAA), a well-documented promoter of tracheid production (Little and Pharis 1995) . Eklund and Little (2000) provided evidence that Ethrel elevated the cambial region IAA concentration by inhibiting basipetal transport of IAA in the cambial region. Ethrel application also increased the cambial region concentrations of glucose, fructose, sucrose and starch in Abies balsamea shoots (Eklund and Little 1998) .
Although considerable evidence implicates ethylene in the control of cambial growth in conifers, relatively little is known about the ethylene biosynthetic pathway in conifers. Most of the current knowledge concerning ethylene metabolism and its regulation has been obtained from studies on ripening fruits and other organs or tissues in non-woody angiosperms (Yang and Hoffman 1984 , Theologis 1992 , Kende 1993 , Fluhr and Mattoo 1996 . In these experimental systems, the first step in ethylene biosynthesis is the conversion of methionine to S-adenosylmethionine (AdoMet), which is subsequently converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase. 1-Aminocyclopropane-1-carboxylic acid has been identified in several conifers (Savidge et al. 1983 , Yang et al. 1993 , Ievinsh and Tillberg 1995 , Christmann and Frenzel 1997 , Ingemarsson and Bollmark 1997 . It is either converted to ethylene by ACC oxidase or conjugated to malonyl-ACC (MACC) by ACC malonyltransferase (Abeles et al. 1992, Martin and or to glutamyl-ACC (GACC) by ACC-γ-glutamyltranspeptidase . 1-Amino-cyclopropane-1-carboxylic acid oxidase activity, measured as the ability to convert ACC to ethylene, has been observed in many conifers (Chen et al. 1990 , Chen and Welburn 1991 , Ievinsh and Tillberg 1995 , Ingemarsson and Bollmark 1997 , Kruzmane and Ievinch 1999 , Reynolds and John 2000 . There is also evidence that conifers contain conjugated ACC (Yang et al. 1993 , Christmann and Frenzel 1997 , Ingemarsson and Bollmark 1997 . However, reports concerning the presence of ACC malonyltransferase, MACC, GACC and ACC-glutamyltranspeptidase in conifers are lacking.
To further our understanding of how ethylene is metabolized in conifers, and where major metabolic steps occur within the shoot, we measured rate of ethylene evolution, concentrations of ACC and conjugated ACC, and activities of ACC synthase and ACC oxidase in the stem, needles and buds of Pinus sylvestris (L.) shoots during the annual cycle of cambial activity and dormancy.
Materials and methods

Plant material
Ten vigorous, open-grown Scots pine (Pinus sylvestris) trees approximately 10 years old and 7 m tall were selected at the research park of the Swedish University of Agricultural Sciences located at Asa, 50 km north of Växjö, Sweden. One shoot formed in 1997 (denoted 1-year-old shoot) was collected from each tree on November 21, 1997, and on February 11, April 23, May 20, June 16, and July 27, 1998. In addition, the shoot formed in 1998 (denoted current-year shoot) on the selected 1-year-old shoot was collected on July 27 and September 23, 1998. On each collection date, the branch containing the selected 1-year-old shoot was detached from the tree at the internode formed in 1995, to minimize any wounding effect. Detached branches were stored in a black plastic bag on ice and transported to the laboratory, where they were immediately sampled.
The 1-year-old (1997) shoot, and its current-year (1998) shoot if present, were excised and subdivided into several fractions for analysis. Stem fractions were analyzed on all collection dates. Fractions representing needles and buds were also collected on May 20, June 16, July 27 and September 23, except buds were not obtained from 1-year-old shoots collected on July 27. After removing the needles, the apical terminal bud was excised to represent the bud fraction. Then the lowermost 5 cm of the stem was removed for the measurement of cambial growth and ethylene evolution, and the remaining 15 to 25 cm of the stem was used to determine the concentrations of ACC and ACC conjugates and the activities of ACC synthase and ACC oxidase. The number of tissue fractions obtained when subdividing the stem varied during the year. On collection dates during the grand period of cambial growth, May through July, there were four fractions. After peeling the bark, the exposed bark and the exposed surface of the wood were scraped lightly with a scalpel and the scrapings pooled. This procedure gave rise to the cambial region fraction, containing cambium + differentiating xylem and phloem. The surface tissue remaining on the bark side, consisting mainly of mature phloem cells, was then stripped off with fine-nosed forceps to provide the phloem fraction. The remainder of the bark peeling, consisting of cortex and rhytidome, was used for the cortex fraction. The fourth fraction, obtained by firmly scraping the surface of the remaining wood surface, consisted of xylem cells that had differentiated fully to become tracheids (denoted mature xylem). On collection dates during the remainder of the year, there were only three fractions: (1) cortex fraction, obtained by peeling the cortex + rhytidome, which left the phloem still attached to the stem; (2) cambial region + phloem fraction, obtained by scraping all tissues down to the mature xylem; and (3) xylem fraction, obtained as described above. In all cases, each stem fraction sample per shoot was harvested in liquid nitrogen, pooled for all shoots collected on a particular date, and stored at -80 °C.
Measurement of cambial growth
Cambial growth, estimated as tracheid production, was determined in transverse, hand-cut sections obtained from the apex of the 5-cm stem segment used to measure ethylene evolution. The sections were stained in a 5% (w/v) aqueous solution of phloroglucinol in 20% HCl, which reacts with lignin, and mounted in glycerol. The number of new cells per radial file produced on the xylem side of the cambium was recorded at eight equidistant points around the circumference, starting from the last-formed tracheids in the previous year's late wood. The count included only those cells reacting with the stain, i.e., in which lignification had occurred. The rate of tracheid production was calculated by subtracting the number of lignified xylem cells counted on a particular collection date from the number counted on the next date, then dividing by the time interval, measured in months.
Measurement of ethylene evolution
Ethylene evolution was determined in fractions obtained from the basal 4 cm of the 5-cm-long segment excised from the base of each sampled shoot. Each fraction was placed in a 10-or 16-ml glass vial together with a piece of wet filter paper, and the vial sealed with a rubber stopper that did not release ethylene. The concentration of ethylene in the vial was measured after incubation for 30 min at room temperature. These incubation conditions avoid the production of wound ethylene (Eklund and Little 1998) . A 1-ml air sample was drawn from the vial with a gas-tight syringe and injected onto a Varian 3700 gas chromatograph (Varian Sweden, Solna, Sweden) equipped with a flame ionization detector and a glass column packed with 80/60 mesh Al 2 O 3 . Nitrogen was used as the carrier gas at 45 ml min -1 , and the temperatures of the injector, column and detector were 200, 65 and 250°C, respectively. The retention time of ethylene was 0.46 min. Ethylene concentration was calculated on a fresh weight basis by reference to a 1 ppm ethylene standard (AGA Gas AB, Växjö, Sweden), after determining the fresh weight of the tissue, then measuring and subtracting its volume from the vial volume.
Measurement of ACC and ACC conjugates
The procedure for measuring ACC and ACC conjugates was adapted from Ingemarsson and Bollmark (1997) . For each fraction, 500 mg of frozen tissue was ground in liquid nitrogen and then extracted at 4°C for 1 h in 6 ml of 80% (v/v) methanol containing 20 mg l -1 of the antioxidant BHT and 500 ng of 2 H-ACC (2,2,3,3,D-ACC, 98-99% of H exchanged for D; Larodan Fine Chemicals, Malmö, Sweden) as an internal standard. The extract was filtered through a glass microfiber filter, followed by evaporation to dryness under vacuum. The dried sample was then dissolved in 4 ml of distilled water and divided into 2-ml aliquots, one for ACC analysis and the other for measurement of ACC conjugates.
To determine ACC, 0.5 ml of 50 mM acetate buffer, pH 4.5, and 2 g of polyvinylpolypyrrolidone (PVPP) were added to the 2-ml aliquot, followed by filtration through a glass microfiber filter. A strongly acidic ion-exchange column (Sigma Dowex 50WX8-400) was prepared in a 6-ml glass reaction tube. Solutions were flushed through the column at a rate of about 10 ml min -1 in the following order: 2 ml of distilled water, extract in 2 ml of water, 2 ml of distilled water, and 4 ml of 6 M ammonia solution to elute ACC.
To determine conjugated ACC, the 2-ml aliquot was heated for 3 h at 100°C with 1 ml of 4 M HCl to hydrolyze the amide bond, then dried under vacuum. The sample was dissolved in 2 ml of distilled water and subjected to PVPP slurrying and acidic ion-exchange chromatography as described for unbound ACC.
Before purification by high-performance liquid chromatography (HPLC), ACC was derivatized according to Hall et al. (1989) . The derivatized ACC (N-benzoyl n-propyl ACC) was dissolved in 20 µl of 25% (v/v) aqueous methanol, purified by reversed-phase HPLC on a 250 mm × 7.5 mm column packed with 5 µm Kromasil C18 (Supelco, Sweden), and detected at 254 nm. The mobile phase consisted of a 2:3 (v/v) mix of methanol:1% acetic acid for 20 min, followed by 100% methanol for 15 min, at a flow rate of 1 ml min -1 . After drying the HPLC-purified sample, the residue was dissolved in 10 µml of ethyl acetate and the derivatized ACC was identified and quantified by combined gas chromatography-mass spectrometry (GC-MS; Hewlett-Packard 5890 and 5970, respectively). The helium inlet pressure was 90 kPa, and the dwell time was 100 ms. The ions monitored were at m/z 159 and m/z 187 for N-benzoyl n-propyl ACC, and at m/z 163 and m/z 191 for N-benzoyl n-propyl 2 H-ACC, the internal standard.
Measurement of ACC oxidase activity
The procedure for extracting ACC oxidase was modified from the method described by Bailly et al. (1995) . For each fraction, 1 g of frozen tissue was ground in liquid nitrogen and then mixed with extraction medium (2 ml g -1 tissue) containing 0.1 M Tris-HCl buffer, pH 7.4, 10% (v/v) glycerol, 30 mM sodium ascorbate, 30 mM HCO 3 , 0.1% Triton X-100, and 5 mM dithiothreitol. After stirring for 10 min at 4°C, the mixture was centrifuged at 25,000 g for 40 min and the supernatant was used directly to measure enzyme activity.
Enzyme activity was assayed at 30°C in a 1-ml reaction mixture consisting of 0.1 M Tris-HCl buffer, pH 7.4, 10% (v/v) glycerol, 30 mM sodium ascorbate, 30 mM HCO 3 , 80 mM FeSO 4 , 2 mM ACC and 200 µl extract. The amount of ethylene produced in the 6.5-ml reaction vial after a 2-h incubation at 20°C was determined by gas chromatography as described above. Protein concentration was determined as described by Bradford (1976) , using a Bio-Rad kit and BSA as standard. We expressed ACC oxidase activity as the amount of ethylene (pmol) produced per mg protein per hour.
Measurement of ACC synthase activity
For each fraction, 1 g of frozen tissue was ground in liquid nitrogen and extracted with 2 ml of buffer consisting of 100 mM Na-phosphate, pH 8.0, 5 mM dithiothreitol and 10 µM pyridoxal 5-phosphate. The slurry was centrifuged at 15,000 g for 20 min at 4°C. The supernatant was dialyzed overnight at 4°C against 10 mM sodium phosphate buffer, pH 8.0, containing 5 µM pyridoxal 5-phosphate. The dialyzed protein extract was assayed directly for ACC synthase activity.
For the assay, 0.6 ml of extract was combined with 100 µl of 1 M Hepes buffer, pH 8.0, and 100 µl of either 1 mM AdoMet or H 2 O in a 9-ml tube, and the reaction mixture was shaken at 30°C for 1 h. The reaction was stopped by adding 0.5 ml of 50 mM acetate buffer, pH 4.5, and 0.7 ml of distilled water. The ACC was extracted from the incubation solution by ion-exchange chromatography as described above, and assayed by the method of Lizada and Yang (1979) , with a minor modification. Mercury ions (Hg 2+ ) were replaced by copper ions (Cu 2+ ) in the reaction, because the use of mercury is forbidden in Sweden. After measuring the protein concentration Bradford (1976) , ACC synthase activity was expressed as the amount of ACC (nmol) produced per mg protein per hour.
Results
In 1-year-old shoots, cambial growth, as estimated by tracheid production, started in April and reached its maximal rate in June (Table 1) . In 1-year-old and current-year shoots, tracheid production decreased in July and stopped in August. During the 1998 cambial growing period, a total of 73 and 47 tracheids were produced in the 1-year-old and current-year shoots, respectively.
Enzyme activities, ethylene evolution and ACC and conjugated ACC concentrations varied markedly during the year and among fractions. High ACC synthase activity was measured in needles and buds in May, June and September and in phloem in June, the greatest activity being observed in needles during September (Figure 1) . A high concentration of ACC was found in current-year needles and buds in July, with a much lower concentration being present in the cortex in February (Figure 2 ). The activity of ACC oxidase was high in the cambial region throughout the cambial growth period, particularly in May (Figure 3 ). Low amounts of ACC oxidase activity were present in mature xylem during April to July, as well as in phloem in July. Ethylene evolved from all fractions, the rate generally peaking in June and July (Figure 4) . The rate of ethylene evolution from each fraction followed the order: needles > cambial region > buds = cortex = phloem = mature xylem. Conjugated ACC was detected in every fraction, with the exception of mature xylem ( Figure 5 ). The highest concentration of ACC conjugates was measured in the phloem of current-year shoots during July.
Discussion
In Scots pine shoots, the major growing period for cambium, as reflected by tracheid production (Table 1) , was May to July. The rate of cambial growth peaked around early June, with more than 50% of total tracheid production in both 1-year-old and current-year shoots occurring between May 20 and June 16. Ethylene evolution from the cambial region was also greatest during the same period (Figure 4) , indicating that the maximal rates of cambial growth and ethylene evolution from the cambial region are positively correlated temporally. The major parts of the ethylene metabolic pathway appear to be spatially separated in Scots pine shoots. The absence of ACC synthase activity and ACC in all stem fractions, except for the detection of ACC synthase activity in the phloem (Figures 1 and 2) , suggests either that the immediate precursor of ethylene is not formed in stem tissues or that stem tissues possess low ACC synthase activity. The ACC synthase enzyme occurs in low amounts in plant tissues, is unstable and has a short half-life, and its activity is regulated by several environmental and internal factors (Imaseki 1991) . Consequently, the purification of this enzyme is difficult. However, the ACC synthase gene has been found in the cambial region, although not in the developing xylem, of poplar (Populus) (Sterky et al. 1998) .
High ACC synthase activity was found in needles and buds (Figure 1) , whereas, among the tissues examined, ACC was detected only in needles and buds of rapidly growing current-year shoots in July (Figure 2) . We attribute the absence of widespread ACC accumulation in Scots pine shoots to the rapid conversion of ACC to conjugates ( Figure 5 ). Conjugation is a well-known mechanism for reducing endogenous ACC concentrations (Yang and Hoffman 1984) . No ACC oxidase activity was found in needles or buds, although ACC oxidase activity was high in the cambial region (Figure 3) . Similarly, Reynolds and John (2000) reported that in vitro ACC oxidase activity was absent from leaf extracts of several conifer species, including Pinus nigra Arnold and Pinus radiata D. Don, whereas seedling extracts of the same species showed high activity. Nevertheless, needles and buds can convert ACC to ethylene, as evidenced by their high rate of ethylene evolution (Figure 4) . The finding that the capacity of individual needles to convert ACC to ethylene was independent of the amount of ACC oxidase activity present suggests that a non-ACC-dependent pathway of ethylene biosynthesis exists in Scots pine needles (Ievinsh and Ozola 1998) . Kruzmane and Ivenish (1999) umn chromatography, only one of which represented native ACC oxidase. They also showed that the complete recovery of ACC oxidase activity required the addition of Triton X-100 to the extraction medium. Alternatively, there might be tissue-dependent ACC oxidase isoforms in Scots pine shoots. Different isoforms of ACC oxidase have been found in white clover during leaf ontogeny (Gong and McManus 2000) that function according to the environmental and physiological status of each tissue (Finlayson et al. 1997) .
The high ACC oxidase activity in the cambial region during the cambial growing period was associated with high ethylene evolution from the cambial region (Figures 3 and 4, Table 1 ), suggesting that ACC oxidase location determines the sites of ethylene release and action in stem tissues of Scots pine. Accumulating evidence implicates cambial region ethylene in the regulation of wood formation. Ethylene derived from Ethrel application has been observed to stimulate tracheid production in many conifers (Barker 1979 , Telewski and Jaffe 1986 , Yamamato and Kozlowski 1987 , Eklund and Little 1995 , Eklund and Tiltu 1999 , Kalev and Aloni 1999 , to alter polysaccharide deposition during cell wall formation in Picea abies hypocotyls (Eklund 1991) , and to enhance the activity of enzymes involved in lignification in nonwoody species (Sitbon et al. 1999 ). It has also been shown that ACC-induced ethylene stimulates callus formation in internodal explants of Citrus sinensis (L.) by promoting the enlargement of procambial and parenchymatous cells (Tadeo et al. 1995) . The gene for ACC oxidase has been found in the cambial region and developing xylem of poplar (Sterky et al. 1998) .
Conjugated ACC was detected in large amounts in all fractions, except mature xylem ( Figure 5 ). The concentration of conjugated ACC in the cambial region decreased in June, when the rates of tracheid production and ethylene evolution were maximal (Table 1, Figure 4 ). This observation suggests that conjugated ACC serves as a source of ACC in the cambial region of Scots pine shoots. Evidence that MACC can serve as an ACC source includes the demonstration that exogenous MACC stimulated ethylene evolution in watercress (Nasturtium officinale R. Br.) stem sections, tobacco (Nicotiana tabacum L.) leaf discs (Jiao et al. 1986 ) and carnation (Dianthus caryophyllus L.) petals (Hanley et al. 1989) . Jiao et al. (1986) showed that MACC application increased the ACC concentration and that the ACC formed was derived from applied MACC rather than from de novo synthesis. We speculate that conjugated ACC is transported to the cambial region from sites of ACC synthesis and conjugation, i.e., leaves, buds and phloem. Movement of MACC from shoot to root was observed in pea (Pisum sativum L.) plants (Fuhrer and Fuhrer-Fries 1985) ; however, ACC not MACC was transported in the phloem of cotton (Gossypium hirsutum L.) plants (Morris and Larcombe 1995) . The possibility that the xylem delivers root-derived ACC or MACC or both (Bradford and Yang 1980, Finlayson et al. 1991) to the cambial region is not supported by our finding of negligible concentrations of ACC and conjugated ACC in mature xylem (Figures 2 and 5) .
We conclude that ethylene biosynthesis in Scots pine shoots is strictly controlled at several points. The absence of ACC synthase activity in the cambial region and its presence in buds, needles and phloem (Figure 1) suggests that the supply of ACC to the cambial region is precisely regulated. In angiosperms, ACC synthase is considered to be the rate-limiting enzyme in ethylene biosynthesis (Fluhr and Mattoo 1996) and it is probably rate limiting in shoots of Scots pine as well. In addition, ACC oxidase may have an important regulatory role in ethylene biosynthesis in Scots pine shoots, because it was present in the cambial region during the cambial growing period when ethylene evolution was greatest (Figures 3 and 4) . Finally, the activity of de-conjugating enzymes (Jiao et al. 1986 ) could also play an important regulatory role in ethylene biosynthesis in Scots pine shoots, because conjugated ACC seems to be the source of ACC in the cambial region, as well as in needles and buds during intensive ethylene production. 64 KLINTBORG, EKLUND AND LITTLE TREE PHYSIOLOGY VOLUME 22, 2002 Figure 5 . Concentration of ACC conjugates in buds, needles, cortex, phloem, cambial region ± phloem, and mature xylem. Values are means ± SE, n = 3. Means accompanied by the different letters are significantly different at P < 0.05.
